A multiplex polymerase chain reaction (PCR), involving detection of the mecA and femB genes, was combined with a novel immunoassay system capable of detecting specific PCR products. The resulting PCR-immunoassay was evaluated in comparison with conventional microbiological techniques used in the routine diagnostic laboratory for the rapid identification of methicillin-resistant Staphylococcus aureus (MRSA), either in pure culture or in overnight broth cultures obtained following enrichment of patient screening swabs. Among the 480 purified isolates of staphylococci and 246 enrichment broths examined, only one 'false-negative' result was obtained by PCR, compared with 18 'false-negative' results obtained by conventional methodology and demonstrated by further conventional examination. Five demonstrable 'false-positive' results were obtained by conventional methodology, compared with a possible 10 by the PCRimmunoassay, although it was not certain that these 10 PCR results were true 'false positives' as, by definition, MRSA could not be isolated by conventional methodology. The results indicated that the routine diagnostic laboratory was encountering difficulties in identifying MRSA correctly, and that the conventional microbiological techniques lacked sensitivity. Overall, the PCR technique was more accurate and sensitive than conventional methodology in detecting MRSA, and results were available within 24 h of screening swabs arriving in the laboratory, compared with a minimum of 48-72 h by conventional techniques. The immunoassay system added to the usefulness of the method by allowing the detection of specific PCR products within 5 min of completing the PCR, without the normal additional step of agarose gel electrophoresis.
Introduction
Staphylococcus aureus is found in the nose and on the skin of a variable number of healthy individuals, and is an opportunist pathogen in patients with lowered host resistance. The isoxazolylpenicillins ( e g , methicillin, cloxacillin, flucloxacillin, etc.) have been the mainstay of treatment for well over 25 years, but the emergence of strains (referred to as methicillin-resistant S. aureus; MRSA) resistant to this group of compounds and all other P-lactam agents poses increasing problems, especially in hospitals, because of the propensity of certain epidemic MRSA strains to spread and colonise debilitated patients. Such strains may or may not be resistant to multiple antibiotics, leading to potential difficulties in treating systemic infections [ 1, 21. In the UK, epidemic strains have been numbered sequentially on the basis of phage typing (i.e., EMRSA-1, EMRSA-2, etc.), and three well-defined strains (EMRSA-3, EMRSA-1 5 and EMRSA-16) continue to affect hospitals in England and Wales, with the incidence of EMRSA-15 and EMRSA-16 increasing in particular [3] . The identification of MRSA in a hospital ward may warrant immediate patient isolation (and occasional ward closure), screening of patient contacts and staff, and appropriate disinfection measures. Screening for carriers, rather than simply identifying infected patients, has a major role in control of an outbreak and reduces the number of infections [3] . However, the results of screening may not be available for at least 48 h, resulting in considerable disruption, reduced patient throughput, frustration for patients, their families and clinical colleagues, and substantial extra costs to host units. Although assessment of the true costs of controlling MRSA colonisation (leading to infection) is difficult, the cost of containing a recent outbreak in Kettering, UK (involving over 400 patients) was estimated to be in excess of &400000 (c. US $650000), of which the provision of isolation wards accounted for a large proportion [4] . Other direct and indirect costs included those associated with patient and staff screening, extra staff, disinfectants, protective clothing, cleaning, prolonged hospital stays, ward closures (with consequent reduced clinical activity), redeployment of staff, and additional costs such as secretarial time, telephone calls, etc.
Accurate determination of methicillin resistance in staphylococci by conventional MIC tests is subject to variations in inoculum size, incubation time, medium pH, medium salt concentration, etc. As a consequence, PCR-based methods are being used increasingly by reference laboratories as the 'gold standard' for detecting methicillin resistance [ 5 ] , particularly because false-positive or false-negative reports of resistance may have considerable economic importance when hospital wards are being opened or closed, with or without the institution of costly control of infection measures, on the basis of whether or not an outbreak of MRSA infection is occurring. However, detection of specific PCR products normally requires an electrophoresis step on agarose or polyacrylamide gels, and this requirement limits the number of assays that can be completed within a working day and complicates the introduction of PCR tests into routine diagnostic laboratories. A previous study described the application of a novel user-friendly immunoassay system to the rapid detection of PCR products derived from TEM P-lactamase genes [6] . The present study describes the further development of this method for the rapid and specific detection of MRSA, and includes an evaluation of the method, in comparison with conventional bacteriological techniques, for the detection of MRSA in screening samples obtained routinely from patients for hospital infection control purposes.
Materials and methods

Bacteria
Initial evaluation of the specificity of the PCRimmunoassay method (see below) was performed with DNA extracted from 480 isolates of staphylococci identified previously by in-house methods based on standard microbiological criteria [ Examination of routine patient screening specimens for MRSA Swabs obtained from various patient body sites (e.g., nose, axilla, perineum, etc.) for routine hospital infection control purposes were pooled into 1 0-ml portions of enrichment broth, consisting of Nutrient Broth (Oxoid) containing NaCl 7% w/v and methicillin (Sigma) 4mg/L, and incubated overnight at 30°C. For detection of MRSA by the PCR-immunoassay method, 100-pl portions of the broth were removed following the enrichment step and the DNA was released by one of the three methods described below. For detection of MRSA by conventional bacteriological techniques, a 5-pl portion of the enrichment broth was plated on Mannitol-Salt Agar (Oxoid), incubated overnight at 37°C and then examined for 'typical' yellow staphylococcal colonies, followed by further confirmatory identification and susceptibility tests as deemed necessary. In total, 146 random sets of screening swabs (each set comprised pooled swabs fiom up to six body sites on an individual patient) were examined by both methods. In addition, 100 swabs obtained from defined body sites on 13 patients shown previously by conventional methods to be colonised by MRSA were processed individually in enrichment broth and then examined by both methods. When required, viable counts were performed by plating out appropriate dilutions in sterile saline (NaCl 0.7% W/V) on to CLED Agar (Oxoid).
The PCR-immunoassay method for detecting MRSA
The PCR-immunoassay detection method was based on the use of a multiplex PCR that detected simultaneously the mecA and femB genes. The mecA gene encodes the S. aureus penicillin-binding protein (PBP2a, also known as PBP2') that is the structural determinant for methicillin resistance [ 81; femB is involved in pentaglycine side-chain formation and interpeptide bridge formation, as well as expression of methicillin resistance [8, 91 . It has been reported that femB is not found in coagulase-negative staphylococci [lo] but is highly conserved in S. aureus [ 10, 1 11 . Oligonucleotide primers used to generate dual-labelled mecA and femB PCR products are listed in Table 1. DNA extraction. Three different techniques were evaluated for their efficiency in releasing staphylococcal DNA from cells in enrichment broth cultures: (1) heating broth cultures to 95°C for 15 min; (2) a standard procedure in which lysostaphin was used to lyse the cell walls [12] ; and (3) a rapid procedure in which 1 -pl portions of enrichment broth containing bacteria were exposed to a short period (7 min) of microwave radiation in the presence of 20 pl of RecoveryTM reagent (Hybaid, Teddington, Middlesex) following the protocol recommended by the manufacturer. Efficiency of DNA release was monitored by a separate PCR [6] designed to amplifi a conserved region of DNA encoding bacterial 16s rRNA (Table 1) .
PCR conditions for detection of MRSA. For the multiplex PCR, each 25-pl reaction mix contained 2.5 pmol of each of the four labelled primers for mecA and femB (Table l) , 0.2 mM dNTPs, 1.5 mM MgC12, 0.6 U of Taq polymerase (Boehringer) and 4 pl of bacterial DNA extract (prepared as above). Amplification conditions (GeneE Thermocycler; Techne, Cambridge) comprised 4 min at 94"C, followed by 30 cycles of 45 s at 94"C, 45 s at 50°C and 1 min at 72"C, followed by 2 min at 72°C.
Detection of PCR products. After completion of the PCR, 1 pl of each reaction mix was added to 99 pl of TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH8.0) and then applied (100 p1) to a ClearviewTM (Unipath) immunoassay detection device. These devices have been described previously [6] and, in brief, consist of a small plastic fitting enclosing: (1) a sample application pad containing blue latex beads coated with an anti-dinitrophenol (DNP) antibody; and (2) a membrane coated with discrete lines of anti-biotin antibody and anti-digoxigenin (DIG) antibody. The labelled primers listed in Table 1 were designed to generate dual-labelled PCR products -i.e., a mecA product labelled with DNP and biotin, and a femB product labelled with DNP and DIG. In the presence of a specific dual-labelled end-product, the blue latex beads (coated with anti-DNP) localise to either the antibiotin or anti-DIG lines on the membrane, yielding an easy-to-read blue line as an end-point. Results are usually obtained within 5 min without washes or any additional manipulations [6] . Any dual-labelled PCR products would be detected by the system [6] , including non-specific amplification products. Therefore, for the evaluation purposes of this study, the remaining 24-pl portion of each 25-pl PCR reaction mix was also analysed by electrophoresis on agarose (Electrophoresis Grade; Gibco BRL) 2% w/v gels, staining with ethidium bromide and visualisation of PCR products on a UV transilluminator by standard techniques [ 131.
Results
EfJiciency of DNA extraction
Staphylococci are known to be difficult to lyse, but a prerequisite for a rapid PCR-based method of detecting MRSA was an efficient, simple and quick method for DNA release from staphylococcal cells. The three procedures described in Materials and methods (heating to 95°C for 15 min, the lysostaphin method and the Hybaid method) were evaluated with 1 0-fold dilutions of an overnight broth culture of a known strain of MRSA. Ten duplicate extractions at each dilution were performed with each method, followed by a PCR targeting the conserved region of DNA encoding bacterial 16s rRNA. The results obtained are summarised in Table 2 . The Hybaid DNA extraction method was significantly more efficient, yielding positive PCR results in all 10 independent DNA extractions with as few as 40 cfu in the 1-pl portion of broth examined (equivalent to 4 X lo4 cfu/ml in the original enrichment broth). In comparison, heating to 95°C for 15 min and the lysostaphin method required a minimum of 4 x 10' or 4 x lo7 cfu/ml, respectively, to give a positive PCR result with all 10 independent DNA extractions at a particular dilution. Following these observations, all further PCR experiments were performed with the Hybaid method.
Use of femB to recognise S. aureus
The femB gene is known to be involved in controlling the level of methicillin resistance in S. aureus, but has been reported not to occur in coagulase-negative staphylococci [lo] . As a first step in developing a direct test for MRSA in screening samples, the occurrence of the femB gene in purified clinical isolates was examined in duplicate PCRs and the 
Use of the PCR-immunoassay to detect MRSA in routine patient screening swabs
In total, 146 random sets of screening swabs (each set comprising pooled swabs from up to six body sites on an individual patient) were examined by the PCRimmunoassay in parallel with the conventional methodology used by the routine diagnostic microbiology laboratory. Of the 146 screens, 30 were reported as MRSA-positive by the routine laboratory. Of these, only 25 (83%) were confirmed as MRSA-positive by the PCR-immunoassay. Repeated examination by conventional methodology failed to confirm the presence of MRSA in any of the five remaining enrichment broths from which 'MRSA' had been reported originally (Table 3) . When the 116 enrichment broths reported as 'MRSA-negative' by the routine diagnostic microbiology laboratory were examined by the PCRimmunoassay, 10 (9"/) yielded a mecA-positive, femBpositive result characteristic of the presence of MRSA. These 10 broths were also positive in repeated PCR tests.
Detection of MRSA in screening swabs from previous known MRSA carriers
In addition to the above examination of random sets of screening swabs, 100 swabs obtained from defined body sites on 13 patients shown previously by conventional methods to be colonised by MRSA were processed individually in enrichment broth and then examined by both methods. MRSA was detected by both methods on 18 swabs from eight patients. A further six swabs from four of these eight patients were 
Discussion
A number of previous studies have assessed the use of PCR-based strategies, with a range of DNA targets, for identification of MRSA [5, 10, 12, 14, 151 . Most of these studies have been concerned with the specific identification of bacterial strains already isolated in pure culture, although Vannuffel et al. [14] were able to detect small numbers of MRSA successfully in freshly collected spiked blood samples. In the present study, a PCR-based detection system was applied to specimens received in a routine laboratory as part of the normal diagnostic microbiology service. However, although detection of MRSA in routine clinical specimens may provide important information, this is, by itself, inadequate for control of infection purposes [ 161 and may become more unsatisfactory as lengths of hospital stay shorten and the numbers of clinical specimens decrease [ 171. It is becoming increasingly apparent that screening for carriers, rather than simply identifying infected patients, will play a major role in the fbture control of MRSA outbreaks [3] , and a study during a large and prolonged MRSA outbreak in Spain [18] has already shown that it is possible to reduce the number of infections with MRSA, and the associated mortality, by switching to a control strategy involving identification and treatment of carriers. Furthermore, as MRSA control strategies are re-evaluated in the light of changing circumstances, molecular approaches to diagnosis appear increasingly appealing, especially in efforts to reduce the 48-72-h delay seen with conventional methods [19] . For these reasons, the present study was concerned with evaluating the feasibility of detecting MRSA rapidly in patient screening specimens by extracting bacterial DNA from overnight enrichment broths and combining PCR amplification of the rnecA and femB genes with rapid detection of the specific PCR products in a novel immunoassay system.
The first stage in the development of the system involved the identification of a suitable rapid method for release of DNA from bacterial cells grown in enrichment cultures. Staphylococci are notoriously difficult to lyse efficiently by most rapid techniques, but the present study found that a commercially available reagent (Hybaid RecoveryTM), used in combination with a short period of microwave radiation, was superior to conventional techniques involving the use of lysostaphin or heating of cell suspensions (Table 2) . Furthermore, the Hybaid reagent is claimed by the manufacturer to improve amplification yield and specificity, and to sequester cell lysis products that might inhibit DNA polymerases. Of the total of 480 purified staphylococcal isolates and 246 enrichment broths examined during this study, only one enrichment broth from a known MRSA-positive patient failed to yield the expected PCR product (this enrichment broth was shown subsequently to contain only very small numbers of staphylococci in combination with a heavy mixed growth of coliforms).
A second consideration involved the choice of PCR targets. The mecA gene is the primary structural requirement for methicillin resistance in staphylococci [8] and has been used as a PCR target in other studies [5, 10, 12, 14, 151 . It is important to note that DNAbased methods differ from phenotypic techniques in that they examine the genetic potential of an organism to exhibit resistance [20] . Problems with phenotypic tests, such as expression, tolerance or inoculum effects, which often make disk or MIC tests difficult to interpret, are no longer relevant, since it is the simple presence or absence of potential resistance genes that is detected. As evidenced by the results obtained in the present study, there are particular problems in the use of phenotypic methods to reliably distinguish MRSA from strains of S. aureus that express low-level methicillin resistance [5] , and reference laboratories now consider that it is prudent to regard all S. aureus strains that are mecA-positive as methicillin-resistant, regardless of their MIC [ 51. However, the mecA gene is also found, either expressed or non-expressed, in a large proportion of coagulase-negative staphylococci [lo] . Preliminary experiments with staphylococci identified by DNAase and coagulase tests demonstrated that the fernB gene, involved in controlling the expression of methicillin resistance and pentaglycine-side chain formation [8, 91 , was an effective marker for recognising isolates of S. aureus; the femB gene was detected by PCR in all 151 isolates of S. aureus examined, but in only one of 327 coagulase-negative staphylococci. Therefore, to distinguish MRSA with a high degree of probability from other mecA-positive staphylococci, it was decided to detect the mecA gene in a multiplex PCR with the femB gene.
Assuming that the presence of the mecA gene is the 'gold-standard' by which a S. aureus isolate should be identified as an MRSA [5] , it was clear from the comparative results with purified isolates that the routine diagnostic laboratory was experiencing difficulties in identifying these organisms correctly. aureus isolates examined did not produce a femB PCR product. Therefore, although all 152 S. aureus isolates in the present study were found to be femB-positive, the possibility of a rare aberrant femB-negative MRSA isolate should not be discounted completely.
It is difficult to be certain whether the 'additional' PCR results obtained were false-positives since, by definition, MRSA could not be identified by conventional methodology. An overall false-positive result would require both components of the multiplex PCR to simultaneously and spontaneously give a falsepositive result, a dual event that might be expected to occur at a very low frequency by chance alone. A theoretical possibility is that, in the case of the enrichment broths, a mixed bacterial population of mecA-negative S. aureus and mecA-positive coagulasenegative staphylococci was being examined. Such a scenario would generate both PCR products, one from each constituent organism in the broth, even though no MRSA were present. However, such a situation is also unlikely (and could not be demonstrated by conventional methodology in any of the 'discrepant' enrichment broths examined in this study), since any mecA-negative S. aureus cells present would be inhibited by the methicillin present in the broth and would probably not be present in sufficient numbers following the overnight enrichment period to generate the femB product.
In conclusion, it is apparent that routine diagnostic laboratories encounter difficulties in identifying MRSA correctly. The multiplex PCR described in this paper offers a rapid alternative, with a high degree of specificity, for the examination of overnight enrichment broths. Results are available within 24 h of screening swabs arriving in the laboratory, compared with a minimum of 48-72 h by conventional techniques. The PCR-immunoassay adds significantly to the usefulness of the technique in routine diagnostic laboratories by allowing the detection of specific PCR products within 5 min of completing the PCR, without the additional time-consuming, technically demanding and rate-limiting step of agarose gel electrophoresis. Other authors have described alternative rapid strategies for detecting the mecA gene that involved an ELISA [21] or a solution phase DNA hybridisation capture assay [22] , but these approaches did not combine detection of mecA with simultaneous recognition of S. aureus. The PCR-immunoassay described in the present paper offers a particularly user-friendly format and, overall, the PCR-immunoassay technique seemed to be more accurate than conventional methodology in detecting MRSA, with only one apparent false-negative result among the 480 isolates and 240 enrichment broths examined, compared with a possible 18 false-negative results obtained by conventional methodology. Occasional false-positive PCR results (see above) should be detectable and eliminated by performing all PCRs in duplicate, and would also be picked-up during repeat patient screens, but would in any event be an acceptable outcome on a rare basis in view of the potential consequences of failing to detect a patient colonised with MRSA at an early stage. Such early detection of MRSA will assist infection control teams in implementing preventative strategies and may assume even greater importance following the emergence in Japan of MRSA strains with reduced susceptibility to vancomycin [23] .
